Reduced bioavailability to soil microorganisms is probably the most limiting factor in the 12 bioremediation of polycyclic aromatic hydrocarbons PAH-polluted soils. We used sunflowers 13 planted in pots containing soil to determine the influence of the rhizosphere on the ability of soil 14 microbiota to reduce PAH levels. The concentration of total PAHs decreased by 93% in 90 days 15 when the contaminated soil was cultivated with sunflowers, representing an improvement of 16% 16 compared to contaminated soil without plants. This greater extent of PAH degradation was 17 consistent with the positive effect of the rhizosphere in selectively stimulating the growth of 18 PAH-degrading populations. Molecular analysis revealed that the increase in the number of 19 degraders was accompanied by a dramatic shift in the structure of the bacterial soil community 20 favoring groups with a well-known PAH-degrading capacity, such as Sphingomonas (α-21 Proteobacteria), Commamonas and Oxalobacteria (β-Proteobacteria), and Xhanthomonas (γ-22 Proteobacteria). Other groups that were promoted for which degrading activity has not been 23 reported included Methylophyllus (β-Proteobacteria) and the recently described phyla 24 Acidobacteria and Gemmatimonadetes. We also conducted mineralization experiments on 25 creosote-polluted soil in the presence and absence of sunflower root exudates to advance our 26 understanding of the ability of these exudates to serve as bio-stimulants in the degradation of 27
improving the availability of the contaminant to be degraded. We characterized the sunflower 32 exudates in vitro to determine the total organic carbon (TOC) and its chemical composition. Our 33 results indicate that the rhizosphere promotes the degradation of PAHs by increasing the 34 biodegradation of the pollutants and the number and diversity of PAH degraders. We propose that 35 the biostimulation exerted by the plants is based on the chemical composition of the exudates. 36 37 Keywords: rhizosphere, microbial community structure, bioremediation, PAHs, sunflower root 38 exudates, biodegradation 39 40
Introduction 43
Bioremediation techniques are routinely applied to recover soils polluted by polycyclic aromatic 44 hydrocarbons (PAHs). These techniques are based on the well-established capability of soil 45 microorganisms to degrade PAHs through growth-linked or co-metabolic reactions (Kanaly and 46 is the reduced bioaccessibility that is often exhibited by these pollutants, which results in 48 difficulty in predicting whether an acceptable end-point decontamination level can be achieved. 49
Bioacessibility can be defined as the fraction of a pollutant that is potentially biodegradable over 50 time in the absence of limitations to biodegradation other than restricted phase exchanges. for use in PAH rhizoremediation studies are related to the importance of this species as an edible 68 oil producer. The ability to investigate the root exudation process and the role of the exudates 69 under natural conditions has been hampered by a number of significant quantification problems, 70 due to interference by microbial metabolites and components of the soil (Grayston et al., 1996) . 71
These problems can be overcome through the development of appropriate in vitro techniques to 72 obtain root exudates that allow analysis of the products secreted by the plant roots. 73
The research approach applied in the present study was to generate soils polluted with aged 74
PAHs at concentrations that would be realistic for polluted soils that had undergone extensive 75 bioremediation, and we used these samples to test the hypothesis that the germination and 76 development of sunflower plants would enhance the bioaccessibility and biodegradation of PAHs 77 in the soil. We used both culture-dependent and culture-independent (i.e., based on DNA) 78 techniques to determine the effects of planting on the dissipation of the chemicals from the soil 79 under greenhouse conditions and on the structure of the soil microbial communities. We also 80 developed a method to produce sunflower root exudates, which were chemically characterized 81 and tested for possible effects on biodegradation by soil microorganisms through a dual 82 radiorespirometry/residue analysis method that allowed precise estimation of compound 83 biodegradation. 84 85
Materials and methods 86 87

Soil 88
Two soils were used in this study: a creosote-polluted clay soil and an agricultural soil. The 89 polluted soil (Calcaric Fluvisol) constituted the source of aged contaminants as well as PAH-90 degrading microorganisms for our greenhouse and laboratory experiments. This soil was 91 provided by EMGRISA (Madrid, Spain) from a wood-treating facility in southern Spain that had 92 a record of creosote pollution exceeding 100 years. The agricultural, non-polluted soil was a 93 loamy sand soil from Coria del Río, Seville, Spain (Typic Xerochrepts). A PAH-containing soil 94 mixture was obtained from these soils in two steps. First, the agricultural soil was mixed (67:33 95 w/w) with washed sand (Aquarama), and subsequently autoclaved. Next, 6 Kg of this mixture 96 (referred to as uncontaminated soil) was homogenized with polluted soil (1:1 w/w) in a cement 97 mixer for seven days (9 hours per day), with regular changes in the direction of rotation. This 98 homogenization period was necessary to allow reproducible results to be obtained. The mixture 99 was then dried for 18 hours at 30°C, ground and sieved (2 mm mesh). The resulting material was 100 used in all experiments as a source of polluted soil with the following composition: pH 8.1; 101 15.9% CaCO 3 ; 0.9 % total organic carbon (TOC); 0.055% organic nitrogen (Kjeldahl); 7 mg kg For this study, we used sunflower (Helianthus annuus L. cv. PR 63A90) seeds from the 112 University of California that were certified for agronomic crop production. The greenhouse 113 experimental design consisted of 5 pots with 2 kg of soil per treatment. The treatments included 114 uncontaminated soil planted with seeds (as a positive control for plant growth) and contaminated 115 soil with or without seeds. Five seeds were used per planted pot. The experiment was carried out 116 in a greenhouse at 23±1 ºC and 20% field capacity. After 45 and 90 days, soil samples were 117 collected in each of three randomly chosen pots for each treatment for measurements of residual 118 PAH contents and microbiological determinations. Soil samples (20 g) were carefully extracted 119 from the rhizosphere zone with the aid of a glass tube (150x25 mm) used as a bore. Care was 120 taken to avoid damaging the plants. Samples for the PAH analyses were stored at -20ºC, and 121 samples for the microbiological analyses were stored at 4ºC. In both cases the samples were 122 analyzed separately. At the end of the experimental period, the percentage of germination was 123 evaluated for each treatment, and the fresh and dry weights of stems and roots were determined 124 separately. Dried stems and roots were generated by incubating the separated plant materials in a 125 desiccation oven (70 ºC) for 72 hours. 126 127
PAH Analysis 128
Triplicate soil samples (1 g of soil per sample) from the initial polluted soil (1:1 w/w) and 129 from the three pots with differet treatment at 45 days and 90 days after in the greenhouse 130 experiment, were dried completely using anhydrous sodium sulfate to grind the mixture in a 131 mortar and pestle. Samples were extracted in a Soxhlet with 100 mL dichloromethane for 8 h. 132
Once the extract was obtained, the organic solvent was evaporated in a vacuum to nearly 133 complete dryness, and the residue was dissolved in 5 mL dichloromethane and cleaned by 134 passing through a Sep-Pak Fluorisil cartridge. The purified extracts were evaporated with N 2 , and 135 the residues were dissolved in 2 mL of acetonitrile. Finally, the samples were filtered through a 136 nylon syringe filter (0.45 µm, 13 mm Ø, Teknokroma, Barcelona, Spain). Quantification of PAHs 137 was performed using a Waters HPLC system (2690 separations module, 474 scanning 138 fluorescence detector, Nova-Pak C 18 Waters PAH column, 5 µm particle size and 4.6 x 250 mm, 139 1 mL min -1 flow and mobile phase with an acetonitrile-water gradient). (Wrenn and Venosa, 1996) . Total heterotrophs were counted in diluted (1:10) Luria-Bertani 147 medium; low molecular weight (LMW) PAH-degraders were counted in mineral medium (Grifoll 148 et al., 1995) Amplified 16S rRNA gene fragments were purified as described above and were cloned using 184 the pGEM®-T Easy Vector System (Promega, Madison, USA). Transformants were selected 185 through PCR amplification using vector PCR primers. The PCR mixture contained 1.25 U of Taq by HPLC (residual contents in aqueous phase are under the detection limit) by the same method 299 as described in section 2.2.2. Analysis of microbial communities from cultures with and without 300 exudates was performed as described previously in sections 2.2.3.2. and 2.2.3.3. 301 302
Statistical methods 303
Analysis of variance (ANOVA) and Tukey honest significant differences (HDS) were used to 304 assess the significance of means, and Student's t-test was used to determine the significance of 305 percentages. These statistical analyses were performed using SPSS v. 19 software. Differences 306 obtained at the p≤0.05 level were considered to be significant. 307 All of the sunflower seeds germinated in both contaminated and uncontaminated soils within 314 15 days of the beginning of the experiment. However, after 90 days, the average stem height (67 315 cm) and dry weight of whole plants (6.51 g) were significantly higher (p≤0.05) in plants grown in 316 contaminated soil than in those developing in uncontaminated soil (57.9 cm and 4.46 g, 317 respectively). These differences may be related to the autoclaving procedure used for the 318 of major soil characteristics (e.g., pH, texture) did not reveal significant differences after planting 341 with sunflowers, with the only difference being found in the content of total organic carbon, 342 which increased in the planted soils from 0.9 to 2.1% after 90 days. 343 344 3.1.3. Analysis of the autochthonous microbiota and its population dynamics 345
Microbial counts indicated that the soil used in this study was highly enriched in PAH 346 degraders (Fig. 1) It is known that the microbial communities in the rhizosphere can be considerably different 366 than those in nearby soil that grow without the direct influence of roots. As a first step in 367 understanding whether the increase in PAH degradation observed in the treated soil containing 368 plants could be related to specific changes in the microbial community structure, we used DGGE 369 and clone library analysis. The DGGE fingerprints obtained during the incubation period from 370 replicate samples for each treatment showed very similar banding profiles (Fig. 2) , indicating 371 strong homogeneity within the pots for each condition. In general, the DGGE analysis revealed 372 an initially diverse microbial community, with specific populations increasing in relative 373 abundance throughout the incubation period in both the non-treated and the rhizosphere soil. A 374 number of the bands obtained coincided in the two treatments, but their relative intensities 375 differed, indicating that the shift in community structure induced by the rhizosphere was different 376 than that induced by the simple potting and watering of the polluted soil. 377
To gain insight into which microbial groups were selectively promoted by the rhizosphere in 378 comparison to the non-treated soil, corresponding 16S rRNA gene libraries were obtained from 379 samples taken at 90 days, and a total of 84 clones were analyzed. Table 2 indicates the relative 380 abundance and phylogenetic affiliation of each of the eubacterial populations detected, while Fig.  381 3 summarizes the importance of the different bacterial phyla in the non-treated and sunflower 382 rhizosphere soils. Approximately two-thirds (60 and 68%) of the bacteria detected under both 383 conditions belonged to the α-, β-, and γ-Proteobacteria, Actinobacteria, Bacteroidetes, and 384
Chloroflexi phyla. However, with the exception of the Actinobacteria, the relative abundances of 385 these phyla and their compositions varied substantially with the treatment applied, confirming 386 that the plants caused a dramatic shift in the community structure. The rhizosphere promoted the 387 appearance of new populations within the three Proteobacteria subphyla, including 388 representatives with a well-known capacity to degrade PAHs (Kanaly and Harayama, 2010) . 389
Within the α-Proteobacteria, the increase of the Sphingomonas group was interesting because 390 this group included numerous members isolated from plant root systems and members with a 391 versatile degrading capability allowing them to attack 2-, 3-and 4-ring PAHs (Fernández-392
Luqueño et al., 2011). There was also a noticeable increase in the β-Proteobacteria (from 9% to 393 27%), as the rhizosphere promoted the appearance of members of the Commamonas group 394 showing high similarity matches to members in the database isolated from PAH-contaminated 395 soil or xenobiotic degraders (i.e., Variovorax). 396
In the non-planted soil, 40% of the detected microorganisms belonged to seven phylogenetic 397 groups not detected in the sunflower planted soil. Interestingly, among these microbes, we found 398 members of the Candidate divisions OD1, OP11, TM7 and WS6, which are lineages of 399 prokaryotic organisms for which there are no reported cultivated representatives but which 400 present sufficiently well-represented environmental sequences to conclude that they represent 401 major bacterial groups (Chouari et al., 2005) . In addition to these sequences, the sequences 402 retrieved from non-treated soil revealed a relatively high abundance of Firmicutes, while the 403
Planctomycetes and Deinococcus groups were represented with lower proportions. In contrast, 404 the sunflower rhizosphere soil promoted the presence of four phylotypes (Acidobacteria, 405
Gemmatimonadetes, δ-Proteobacteria and Cyanobacteria) that were not detected in the non-406 treated soil. The most abundant, the Acidobacteria (14.6%) and Gemmatimonadetes (7.3%), Table 3 shows the compounds identified in the sunflower root exudates using different 427 analytical techniques, including carbohydrates, amino acids, fatty acids, aromatic acids and 428 certain secondary metabolites. As major carbohydrates, we identified fructose (2.44 ppm) and 429 galactose (1.16 ppm); however, the chromatogram also showed a major unidentified peak that 430 would have interfered with the detection of glucose if it had been present. Previous studies 431 addressing exudate composition in tomato, sweet pepper, cucumber and Barmultra grass showed 432 that fructose was one of most dominant sugars (Kuiper et al., 2002; Kamilova et al., 2006) . 433
Galactose is also present in root exudates, providing a favorable environment for the growth of 434 microorganisms (Bertin et al., 2003) , and has been detected in the root exudates of different 435 species of Eucalyptus (Grayston et al., 1996) . Amino acids were detected in a wide range of 436 concentrations, among which asparagine (0.593 ppm) and glutamine (0.301 ppm) were the most 437 abundant, while methionine, tryptophan, proline, glutamic acid and valine were not detected. 438
Phosphoethanolamine was also detected at a relatively high concentration (0.571 ppm) and has 439 been reported to be abundant in the cell membrane (Ofosubudu et al., 1990) . The main fatty acids 440 present were palmitic and estearic acids, whereas others, including the most abundant component 441 of sunflower oil, linoleic acid, were detected at lower concentrations and could not be quantified. 442
Several aromatic acids were identified, the most abundant of which were phthalic and 443 protocatechuic acids. This result is of particular note, given that these compounds are typical 444 intermediates in the metabolism of PAHs by bacteria (Kanaly and Harayama, 2010) . The HPLC-445 MS analysis of organic acids revealed several products. The most intense signal corresponded to 446 a compound with a mass compatible with gluconic acid. Other products were tentatively 447 identified as caffeic, isocitric, butiric, pyruvic, propionic, fumaric, malic, and malonic acids, all 448 of which are typically found in root exudates (Bertin et al., 2003) . Abietic acid and the 449 sesquiterpene tomentosin were identified as the methyl derivatives of organic acids in the GC-MS 450 analysis, and in addition to having structures analogous to some PAHs, they exhibit different 451 functions in the plant-microbe interaction. 452
In vitro, the sunflower root exudates showed a surface tension close to the surface tension of containing slurries were treated exactly in the same way, the observed relative differences still 474 suggest an effect of root exudates on bioaccessibility. 475 Soil suspensions were sampled at the end of the experimental period (10 d) to determine the 476 evolution of autochthonous microbiota using DGGE (Fig. 5) . The DGGE profiles from cultures 477 in the mineral medium with or without exudates indicated an increase in the number of 478 microorganisms during the 10 days of the experiment in both conditions. In the absence of 479 exudates, duplicate cultures showed similar banding profiles with slight differences in the relative 480 intensity of each band. The banding profile changed as a result of exposure to exudates, which 481
indicates that the enhanced PAH degradation was accompanied by the growth of specific 482 microbial populations. 483 The occurrence of DOM-mediated enhancement of bioaccessibility through root exudation would 524 also explain the greater extent of biodegradation observed under greenhouse conditions, despite 525 the significant increase of total organic carbon in the planted soils. 526
The chemical characterization of exudates also identified specific substances with the 527 potential to directly enhance bioaccessibility. These substances include chemicals that are able to 528 induce chemotaxis, which constitutes a relevant mobilization mechanism for motile 529 microorganisms in the soil (Ortega-Calvo et al., 2003) . For example, sugars such as fructose have 530 a well-known positive chemotactic effect on soil microorganisms. Amino acids, such as 531 glutamine, aspartic acid and isoleucine, which were also found in this study as components of 532 sunflower root exudates, are powerful chemoattractants for Rhizobium and Bradyrhizobium 533 japonicum (Pandya et al., 1999) . Zheng and Sinclair (1996) indicated that alanine, asparagine, 534 glutamine, serine, and threonine in soybean root exudates may serve as chemoattractants to 535
Bacillus megaterium strain B153-2-2. Finally, we detected fatty acids, such as palmitic acid and 536 stearic acid, which are plant components with a known potential to enhance the bioaccessibility 537 of PAHs in soil by acting as surfactants (Yi and Crowley, 2007) . Vegetable oils have also been 538 widely used as natural surfactants (Gong et al., 2010) , resulting in the dissolution of PAHs and 539 consequently, in the enhancement of biodegradation. Therefore, the presence of these compounds 540 may explain the greater decrease in PAHs observed in the sunflower soil treatments. 541 Furthermore, it is also possible that the preferential growth of rhizosphere microorganisms 542 observed on the exudate components at specific sites inside soil aggregates may have caused 543 colony growth in the vicinity of pollutant sources and may have modified the structure of the soil 544 aggregates to promote bioaccessibility through the excretion of extracellular polymeric 545 substances and biosurfactants. 546 Therefore, the results obtained associated with root exudates indicated a role for promoting 547 the bioaccessibility of PAHs. However, the present study may not allow complete discrimination 548 between the effects on bioaccessibility from the enhanced biodegradation activity of 549 microorganisms caused by the chemical components of exudates. The evolution of the 550 heterotrophic bacterial population in the soil during the greenhouse experiment indicates that 551 homogenization, aeration and watering had a general activation effect on this population, but 552 planting sunflowers had a further positive impact due to maintaining their viability (Fig. 1) previous observations (Anderson and Coats, 1995) . For example, we observed better 565 development of β-Proteobacteria in planted soils, which can be explained by the capability of 566 this group of bacteria to readily assimilate the C present in sugars and residues of plant origin 567 (Bernard et al., 2007) . In the same way, the rhizophere promoted the appearance of members of 568 the Oxalobacteriaceae, a recently described but uncharacterized family with root colonizing 569 members (Green et al., 2007) Table 2  889 Sequence analysis of the 16S rRNA gene clone libraries from the PAH-polluted control soil (without plants) 890 and sunflower rhizosphere soil at the end of the greenhouse experiment (90 days). 891 Table 3 . 
